removal rate of COD, even if real secondary effluent was treated. The CFA and three MCFA catalysts were characterized and their catalytic mechanism in a heterogeneous Fenton-like process was proposed.
Introduction
Advanced oxidation processes (AOPs) are among the most effective physical-chemical methods for treating organic wastewater. The common feature of AOPs is the generation of hydroxyl radicals ($OH) that can effectively decompose refractory organics due to their strong oxidation (E 0 ¼ 2.8 V). 
Some studies 4, 5 show that recycling of the homogeneous catalyst (Fe 2+ ) cannot be achieved easily, leading to the generation of sludge containing Fe ions. The treatment of the sludge is expensive in labour, reagents, and time. In order to utilize the strong oxidation of the Fenton process, the above disadvantage must be overcome. Coal y ash (CFA) is a solid waste produced from coalburning power plants and steel mills, and more than 300 billion tons of CFA can be produced every year in the world. 6 Traditionally, landll is the most frequently used method for the treatment of CFA. However, this treatment method always causes severe environmental problems, due to the leaching of metallic ions into the soil/groundwater and the diffusion of CFA into the air. It is imperative to explore a method for the proper treatment/application of CFA.
Over the years, many studies [7] [8] [9] [10] [11] [12] have found that the crystalline phases that contain the iron element in CFA can replace Fe 2+ to catalyse the Fenton-like process. Thus, it is benecial to activate CFA into a solid catalyst for the application of CFA in wastewater treatment. However, the preparation conditions of different types of CFA catalyst (MCFA) were always studied separately and were never studied together for the purpose of comparison and analysis. The contamination of the aquatic environment by chemical pollutants from wastewater has been a major concern in recent years. p-Nitrophenol (p-NP) is a typical phenolic compound for the production of plasticizers, dyes, pesticides, pharmaceuticals, and leather preservatives etc. Therefore, p-NP exists widely in the wastewater from a number of industries. p-NP is one of the most refractory organics, due to its high stability and solubility in water. The use of p-NP has been severely controlled by the U.S. Environmental Protection Agency 13 and the allowed concentration in water is 1-20 ppb. Its removal from industrial effluents is an important practical requirement.
In this paper, CFA was rst transformed into an effective solid catalyst (MCFA powder) and the corresponding preparation parameters that affect the catalytic performance were studied in detail. Subsequently, MCFA powder was further transformed into granular MCFA and Fe 2 O 3 /granular MCFA. The three kinds of catalyst were characterized by XRF, BET and SEM; their stability was investigated and the catalytic mechanism in the heterogeneous Fenton-like process was proposed. This work will provide a comparison and comprehensive analysis for the preparation of MCFA catalysts and could be helpful in promoting the application of CFA for environmental protection.
Materials and methods

Reagents and coal y ash
The p-NP used (analytical grade) was purchased from Sinopharm Chemical Reagent Co., Ltd., China, and was used without any purication. Hydrogen peroxide (H 2 O 2 , 30%), sodium hydroxide (NaOH), sulfuric acid (H 2 SO 4 ) and all other chemicals used in this work were analytical grade. All solutions were prepared using distilled water. Two kinds of coal y ash (CFA1 and CFA2) used in this work were obtained from two different thermal power plants in China, and they were generated by a slag-tap boiler and by a circulating uidized bed boiler, respectively.
The secondary effluent used for testing the performance of the heterogeneous Fenton-like process was obtained from a wastewater treatment plant in Dalian. The wastewater was treated directly without any pre-treatment.
Preparation of MCFA
CFA contains some impurities such as bers, grease, and alkaline substances. In the preparation process, CFA was sieved through a standard test sieve, and then fractions of less than 150 mm were collected. Before modication, the collected CFA was rst washed using distilled water (25 g L À1 ) until the pH of supernatant was 7.0. Aer this, the washed CFA was precipitated, separated from the mixture, dried at 378 K and stored for the following modication process (heat, acid or alkali modication). For heat modication, the washed CFA was calcined at 623 K for 3 h. For acid modication, the washed CFA was soaked in H 2 SO 4 solution (3 mol L À1 ) for 5 h and the mixture was stirred by electric stirring. Subsequently, the acid modied-CFA was precipitated, separated and dried at 378 K for 3 h. For alkali modication, the washed CFA was soaked in 1 mol L À1 NaOH solution (100 g CFA L À1 ) in a hydrothermal reactor for 5 h at 393 K. Aer this, the alkali-modied-CFA was washed using distilled water until the pH of the solution reached 7 and then aer separation it was dried for 3 h at 378 K.
Characterization of CFA and MCFA
The chemical components in CFA and MCFA were determined by an X-ray uorescence spectrometer. The maximum pipe pressure, maximum current, scanning speed, stability of the temperature in the spectrum chamber, and power were 50 kV, 200 mA, 200 min À1 , AE0.1 K, and 35 kW, respectively. The thickness of the beryllium window used for the X light tube was 75 mm. The specic surface area, pore volume and pore diameter of CFA and MCFA were measured by a BET (Brunauer-EmmettTeller) automated analyser. The analysis gas, outgas time and outgas temperature were nitrogen, 6.0 h and 573 K, respectively.
The morphology of the samples was analysed using scanning electron microscopy, using an acceleration voltage (25 kV) and current of 2 Â 10 À11 A. The ambient temperature and humidity were 289 K and 60%, respectively.
Wastewater treatment
100 mL of p-NP solution (100 mg L À1 ) with pH ¼ 4.0, adjusted by H 2 SO 4 , was prepared in a beaker (250 mL) placed in a temperature-controlled water bath (298 K). 2 g of CFA (or MCFA) was added into the solution and then the mixture was mixed using a motor agitator. The catalytic experiment starts as soon as the H 2 O 2 is added. The treatment time of the wastewater was 60 min if not noted otherwise. During the experiment, the mixture was sampled at a specic time intervals, ltered by vacuum pump and then the residual p-NP concentration in the ltrate was measured. In order to stop the catalytic oxidation process, NaOH solution was added into the samples immediately aer sampling.
Determination of p-NP and Fe element concentration
The p-NP concentration in wastewater was measured using a UV-vis spectrophotometer (SHIMADZU UV-2600, Japan) by determining the absorbance at 400 nm at pH > 11 (adjusted by NaOH). The removal rate of p-NP was calculated by eqn (3):
where C and C t are the initial and instantaneous concentrations of p-NP (mg L À1 ).
The measurement of p-NP in every experiment was carried out 2-3 times; the standard deviation (SD) of these data was calculated and the value is given in the form of an error bar or range in the corresponding gure.
The concentration of Fe element in wastewater was measured using a ame atomic absorption spectrophotometer. The measurement parameters were: wavelength ¼ 248.3 nm, current ¼ 20 mA, spectral passband ¼ 0.7 nm, and gas consumption ¼ 2000 mL min À1 .
Results and discussion
Modication of CFA
Type of CFA. Although CFAs have similar chemical components, different coals and different thermal power plants (i.e., different production processes) can affect the proportion of specic chemical components, leading to different catalytic capacities in the wastewater treatment. In this work, the initial catalytic capacity of two kinds of CFAs (CFA1 and CFA2) before modication was compared by examining the p-NP removal rate in wastewater. The results are given in Fig. 1 .
From Fig. 1 we can see that the removal rates of p-NP are different under the catalysis of CFA1 and CFA2. The CFA1 has better catalytic performance, with a p-NP removal rate of 32.1%, while it is only 10.4% for CFA2.
The variation in wastewater pH could be a primary reason for the difference. As shown in the inset of Fig. 1 , the pH of p-NP wastewater changed continuously from 2 to 6 for CFA1 and from 2 to 10 for CFA2. It is well known that H 2 O 2 is relatively stable in acidic conditions compared with the stability in alkali conditions, where H 2 O 2 can decompose easily via eqn (4):
So, when the pH of the wastewater increases to 10 under the catalysis of CFA2, the utilization rate of H 2 O 2 could be lower, i.e., more H 2 O 2 could decompose ineffectually. In addition, the Fenton/Fenton-like process always shows a good performance in acidic conditions, which actually limits the use of CFA2 severely. CFA1 was chosen for the following work.
Modication methods. Previous studies [14] [15] [16] show that alkali, acid or heat modications can activate CFA to some extent. A comparison of the effect of the three modication methods on the catalytic capacity of MCFA was carried out (
and the catalytic data from CFA was used as a control. From Fig. 2 we can see that all of the modication methods can promote the catalytic capacity of CFA in the order of: acid modication (64.3%) > heat modication (44.9%) > alkali modication (41.1%) > raw CFA (32.1%).
The difference could be due to the different modication mechanisms of the three modication methods. In acid modication, the acid can neutralize the alkali substance in/on CFA, generate a huge amount of grooves and pores, increase the specic surface area, and nally expose the active sites (such as Fe 2 O 3 and Fe 3 O 4 ). The above processes are benecial to the catalytic capacity of the catalyst. Alkali modication could destroy the crystal structure of the silicate and the bond between Si and O, resulting in a change in the structure of CFA. However, the adsorption of alkali substance on the surface of CFA could increase the wastewater pH, which could have a severe negative effect on the treatment of organic wastewater. Although the alkali-modied CFA was washed using deionized water and the pH of the supernatant reached 7, this could not eliminate the alkaline substance thoroughly from the surface of the catalyst, which could therefore still hinder the catalytic reaction.
As for the heat modication, it is actually a process of dehydration which causes the structural readjustment and phase transition. The catalytic capacity is seriously affected by the variation in the physicochemical properties of CFA during heat modication. According to the above analysis and experimental results, acid modication was used in the following work.
Preparation of granular MCFA
The recycling of MCFA powder can be realized by precipitation and ltration methods. However, precipitation and ltration by gravity is obviously slow, and vacuum ltration can denitely consume extra power. In order to accelerate the separation and to decrease the loss of MCFA powder, transforming the MCFA powder into a granular form easily and cheaply is a promising path for application in industry.
Bonding agent. Due to the poor plasticity of MCFA powder, a bonding agent is necessary for the granulation process. It is known that clay is an economic and frequently used bonding agent, including, but not limited to, kaoline and attapulgite. 18 In this work, the above-mentioned clays were used to bond MCFA powder together. Their morphologies are shown in the insets of Fig. 3 .
The effect of the mass ratio of the clay (5%, 10%, 20%, 30%, 50%) was studied rst. Due to the poor plasticity of MCFA powder, it is difficult for MCFA powder to bond together with a low content of clay but the resulting product is easily broken when it is used. The granulation process and experimental phenomena are described in Table 1 . In this work, 30% clay loading was chosen as the optimal value, due to its easy granulation process. For the higher mass ratio (50%), the catalytic performance of the catalyst decreased slightly (data not given), due to the reduction in the mass ratio of the catalyst.
In addition, the catalytic performances of the two granular MCFAs produced by kaoline and attapulgite (30%) were compared and the results are given in Fig. 3 . We can see from Fig. 3 that the granular MCFA prepared with attapulgite has a better catalytic performance (43.1% of p-NP removal rate) than that of the one prepared with kaoline (28.6% of p-NP removal rate). This result could be related to the special features of attapulgite: namely, its better bonding property, larger specic surface area, and stronger plasticity.
Modier of pore structure. Activated carbon (AC) was used to modify the pore structure of the granular MCFA in this work, in light of the literature. 19 The effect of the mass ratio of AC (1%, 2%, 5%, and 10%) was investigated in the process of granulation (Fig. 4) . From Fig. 4 , we can see that the catalytic performance of the granular MCFA with AC shows just a slight increase compared with that of the catalyst without addition of a modier (from 61.5% (0% of AC) to 64.8 (5% of AC) and then to 76.9% (10% of AC) at 60 min).
Actually, even if AC can improve the quality of the pore structure, it can occupy some of the surface area of granular MCFA, so it decreases the area of active sites that have catalytic capacity. This could be the reason for the lack of obvious change in p-NP removal rate. Additionally, although the removal rate of p-NP is 76.9% at 10% of AC, the plasticity of granular MCFA becomes poorer and it is easily broken. Aer consideration, modication of the pore structure is not recommended.
Calcination temperature and time. In order to prevent the breaking of the granular MCFA, calcination was applied to strengthen the rigidity of granular MCFA. However, the variation in calcination temperatures and time could give different results, and could even promote the breaking of the granular MCFA. Thus, the calcination temperature and time should be carefully controlled.
A pre-study showed that a temperature lower than 673 K is not appropriate for preparing granular MCFA with enough rigidity. Therefore, higher temperatures (723, 923, and 1123 K) were investigated herein. The adsorptive capacity of granular MCFA was used here to evaluate the effect of calcination temperature and time because the adsorptive capacity can indicate whether the pores have been broken and the specic surface area has been reduced. The results are given in Fig. 5 . From Fig. 5 we can see that the granular MCFA calcined at 723 K has the best adsorptive capacity at any calcination time in the range 1-5 h. A higher temperature ($923 K) could cause the collapse/closure of some pores, resulting in an obvious decrease in adsorptive performance of the catalyst. A calcination temperature ¼ 723 K and a calcination time ¼ 3 h were chosen as the optimum values. Nitric acid (an inorganic acid) and oxalic acid (an organic acid) were chosen to investigate the effect of the type of acid and the adjustment methods (adjusting pH during impregnation until pH ¼ 2.5; adding acid before impregnation with the volume ratio of acid ¼ 0.5%) are given in Fig. 6 .
As shown in Fig. 6 , we nd that (I) the precursor solution adjusted by oxalic acid can produce a Fe 2 O 3 /MCFA catalyst with a relatively good catalytic performance; and (II) adding acid before impregnation is better than adjusting the pH during impregnation.
Oxalic acid can effectively prevent the hydrolysis of ferric ions by generating a stable Fe(III)-oxalate complex. 20 Meanwhile, the oxalate ions and ferric ions can undergo competitive adsorption on the surface of granular MCFA, causing the even adsorption of ferric ions. Furthermore, oxalate can be converted to CO 2 and H 2 O by a calcination process that can avoid the interference of anions (like NO 3À ).
Impregnation time. The adequate adsorption of ferric ions is an effective measurement that can increase the number of active sites on the surface of the catalyst. The adsorption amount of active component (ferric ions) increases gradually with a prolonging of the impregnation time until it reaches the adsorption equilibrium. The effect of impregnation time on the catalytic performance of Fe 2 O 3 /granular MCFA is given in Fig. 7 . Fig. 7 shows that the p-NP removal rate increases obviously under the catalysis of Fe 2 O 3 /granular MCFA that was impregnated for 5-12 h, and then reaches a plateau (80.6%), even if the impregnation time is extended further. Thus, 12 h is considered to be an optimal impregnation time.
Calcination temperature and time. The purpose of calcination at this stage is to convert the Fe element to the active component (Fe 2 O 3 ) . However, it must be controlled carefully to prevent excessive calcination. The effect of different calcination temperatures (473, 673, 873, 1083 K) and calcination times (2, 4, 6, 8 h) were studied and are compared in Fig. 8 . Fig. 8 shows that a calcination temperature lower or higher than 673 K is obviously disadvantageous to the catalytic performance of Fe 2 O 3 /granular MCFA. A lower calcination temperature (473 K) cannot stabilize Fe 2 O 3 on the surface of granular MCFA. At a higher calcination temperature ($873 K), the gas generated by the evaporation of the residual water in the catalyst and by the decomposition of oxalate did not spread normally to the surface of the catalyst, but spread rapidly. This Surface morphology. An investigation of the surface morphology of CFA and MCFA catalysts was carried out. MCFA powder and the surface of granular MCFA have the same structure (excluding bonding agents) because the granular MCFA is prepared just by adding bonding agent to the MCFA powder without changing any physicochemical properties. The results are given in Table 2 and Fig. 9 . From Table 2 , we can see that the specic surface area, pore volume and pore diameter of CFA increased from 19.2 m 2 g À1 to 27.0 m 2 g À1 , from 63.1 mL g À1 to 66.0 mL g À1 , and from 1.45 nm to 3.76 nm, respectively, when CFA was modied to MCFA powder. This result accords with the purpose of acid modication, i.e., to increase the working area of CFA. The larger working area is helpful to obtain more active sites and to provide a bigger adsorption area, which are both necessary for the heterogeneous catalysis process. This result is conrmed qualitatively by the SEM images (Fig. 9) . The le-hand bigger picture is the SEM observation of CFA. We can see that the CFA has no special features when the particle of CFA is enlarged 1000 times: that is, only the bulk structure exists. When attention is turned to Fig. 9A -C, it is obvious that some different structures emerge, i.e., a porous structure (picture A), a glossy structure (picture B), and a honeycomb structure (picture C). These structures can provide a bigger specic surface area and could provide better catalytic capacity. When we focus our attention on the granular MCFA, we can nd in Table 2 that the granular MCFA has an obvious decrease in the specic surface area and pore volume compared with MCFA powder because of the bigger diameter of granular MCFA. A comparison of pore diameter between granular MCFA and MCFA powder represents the slight effect of bonding agent on this aspect. Fe 2 O 3 /granular MCFA shows a further decrease in the three indices in Table 2 . This is because of the loading of Fe 2 O 3 on the surface of granular MCFA, which can block/cover the pores on the surface of granular MCFA. This can be observed intuitively from the SEM of Fe 2 O 3 /granular MCFA in Fig. 9, i. e., the structures on the surface of granular MCFA (Fig. 9A-C) disappear and some glossy particles emerge (the right-hand bigger picture in Fig. 9 ).
Chemical components. Besides investigating and comparing the surface morphology, a comparison of the chemical components in CFA and MCFA catalysts was also conducted (Table 3) .
If we focus our attention on the CFA and MCFA powder rst, variation in the proportions of Fe element, CaO, and LOI is the essence of acid modication. The acid modication obviously increases the proportion of Fe 2 O 3 (from 5.45% to 7.85%), which is helpful in increasing the catalytic capacity of the MCFA powder because, until now, Fe is still the preferred metallic element that can catalyse the Fenton/Fenton-like process effectively. 4, 6, 7 The LOI is the residue of organics that are not burned completely in the thermal power plant. The carbon particles that exist in the LOI have no catalytic capacity in the heterogeneous Fenton-like process but, instead, can occupy the working area, cover the surface of the active sites of MCFA powder and even decrease its catalytic capacity. The acid modication of CFA can decrease the proportion of LOI from 3.48% to 1.06%, which is welcomed in this study.
As mentioned previously, some studies 1, 8, 12 show that an acidic reaction condition is favoured in Fenton/Fenton-like processes; a higher pH is adverse for the existence of H 2 O 2 and the generation of $OH. Thus, removing CaO from CFA is 
Catalytic performance and stability of MCFA catalysts in a Fenton-like process
A comparison of the catalytic performances of three kinds of MCFA catalyst was carried out and is shown in Fig. 10 . From  Fig. 10A we can see that the MCFA powder and granular MCFA have similar catalytic performances for the treatment efficiency of p-NP wastewater. However, it is obvious that the MCFA powder can exhibit rapid catalytic capacity. The removal rate of p-NP in an MCFA powder catalysed Fenton-like process can approach its maximum value (60.7%) at 40 min, while 60 min (61.8%) is needed for the granular MCFA-catalysed process. Fe 2 O 3 /granular MCFA has the best performance and the removal rate of p-NP reaches 80.7% at 60 min.
Besides investigating and comparing their catalytic performance, the stability of the three catalysts was studied. From  Fig. 10B we can observe that the MCFA powder and granular MCFA have analogous stability, i.e., they can be used 4 times (MCFA powder) and 3 times (granular MCFA), with no obvious decay in catalytic capacity. Aer this, their catalytic capacity starts to decline. In contrast, Fe 2 O 3 /granular MCFA exhibits the best stability and catalytic capacity among the three catalysts; it can be used at least 6 times, while the removal rate of p-NP remains at no less than 80%. This is notably advantageous for reducing the amount of catalyst.
The difference in catalytic capacity and stability could be due to the different specic surface areas and different amounts of active sites on the surface of different catalysts. The bigger specic surface area of MCFA powder can result in a better adsorptive capacity and more rapid dissolution of iron element into the wastewater, whereas granular MCFA is weaker in these aspects (see Table 4 ). This could be the reason why the MCFA powder catalysed Fenton-like process has a more rapid p-NP removal rate than that of granular MCFA. Compared with these two catalysts, Fe 2 O 3 /granular MCFA undoubtedly has more active sites, so it can exhibit the best catalytic capacity among them.
However, the leaching of Fe element into wastewater signies a loss of active sites; this can be obtained from Table 4 which reveals that the Fe element always leaches from the surface of the catalyst. So the three kinds of MCFA catalyst cannot be used in an innite loop; this experimental result accords with other studies. 6, 8, 9 3.6 Treatment of secondary effluent
The studied heterogeneous Fenton-like process was tested in the treatment of a real secondary effluent. Additionally, the reusability of the catalyst was tested, revealing stable catalytic performances up to 3 times for MCFA powder and granular MCFA and 5 times for Fe 2 O 3 /granular MCFA (removal rate of COD $ 57%). The reusability capacity of the catalyst here is poorer than that shown in Fig. 10B . The complicated components in the secondary effluent could cause this as some components (besides the organics in the effluent) could react with/cover the active component on the surface of the catalyst, resulting in the rapid inactivation of the catalyst. On the whole, the prepared catalysts in this paper can treat wastewater (simulated and real wastewater) effectively, showing their elementary catalytic capacity and favourable application prospects.
Catalytic oxidation mechanism of MCFA in a Fenton-like process
The acid modication of CFA and the loading of Fe 2 O 3 on the surface of granular MCFA actually have the same purpose, i.e., to increase the proportion of useful crystalline phase (maghemite (g-Fe 2 O 3 ) and hematite (a-Fe 2 O 3 )) and to decrease the proportion of amorphous phase (aluminium silicate). H 2 SO 4 impregnation can obviously dissolve the amorphous phase into solution, leaving the crystalline phase and resulting in a porous structure. Loading Fe 2 O 3 on the surface of granular MCFA is a method of rapidly and obviously increasing the proportion of Fe 2 O 3 .
According to the above statement, the three catalysts have an identical catalytic process that can occur simultaneously on the surface of the catalyst and in the solution due to the dissolution of iron element. The detailed mechanism is proposed as eqn (5) (8) and (9)). The generated Fe 2+ can play the critical role of a catalyst in the Fenton process (eqn (10)).
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The organics can be directly oxidized by the $OH in the solution or adsorbed on the surface of catalyst rst and then oxidized. The degradation path and products of p-NP were determined in our previous paper. 24 The highest p-NP removal rate in the Fe 2 O 3 /MCFA catalysed Fenton-like process is due to the greater number of active sites on the surface of Fe 2 O 3 / granular MCFA.
The catalytic performance of other metals, such as Mn, Cr, Ni, Cu, Zn, Bi, has been studied in other work. [25] [26] [27] [28] However, the co-catalytic action among them (including Fe) has not been widely studied. This could be a useful and promising study. 
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